In situ observation of synthesized nanoparticles in ultra-dilute aerosols via X-ray scattering by McKibbin, Sarah R. et al.
  
 University of Groningen
In situ observation of synthesized nanoparticles in ultra-dilute aerosols via X-ray scattering
McKibbin, Sarah R.; Yngman, Sofie; Balmes, Olivier; Meuller, Bengt O.; Tagerud, Simon;





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2019
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
McKibbin, S. R., Yngman, S., Balmes, O., Meuller, B. O., Tagerud, S., Messing, M. E., ... Mikkelsen, A.
(2019). In situ observation of synthesized nanoparticles in ultra-dilute aerosols via X-ray scattering. Nano
Research, 12(1), 25-31. https://doi.org/10.1007/s12274-018-2170-1
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the




 ISSN 1998-0124 CN 11-5974/O4 












In situ observation of synthesized nanoparticles in ultra-dilute aerosols
via X-ray scattering 
Sarah R. McKibbin1 (), Sofie Yngman1, Olivier Balmes2, Bengt O. Meuller1, Simon Tågerud1, Maria E. Messing1, 
Giuseppe Portale3, Michael Sztucki4, Knut Deppert1, Lars Samuelson1, Martin H. Magnusson1, Edvin Lundgren1, and 
Anders Mikkelsen1 () 
 
1 Department of Physics and Nanolund, Lund University, Box 118, 22100 Lund, Sweden 
2 MaxIV Laboratory, Lund University, Box 118, 22100 Lund, Sweden 
3 University of Groningen, Zernike Institute for Advanced Materials, Nijenborgh 4, NL-9747 AG Groningen, The Netherlands 
4 ESRF – The European Synchrotron, CS 40220, 38043 Grenoble Cedex 9, France 
 
© The Author(s) 2018, corrected publication 2018 
Received: 23 March 2018 / Revised: 4 August 2018 / Accepted: 7 August 2018 
 
ABSTRACT 
In-air epitaxy of nanostructures (Aerotaxy) has recently emerged as a viable route for fast, large-scale production. In this study, we use 
small-angle X-ray scattering to perform direct in-flight characterizations of the first step of this process, i.e., the engineered formation of Au 
and Pt aerosol nanoparticles by spark generation in a flow of N2 gas. This represents a particular challenge for characterization because the 
particle density can be extremely low in controlled production. The particles produced are examined during production at operational pressures 
close to atmospheric conditions and exhibit a lognormal size distribution ranging from 5–100 nm. The Au and Pt particle production and 
detection are compared. We observe and characterize the nanoparticles at different stages of synthesis and extract the corresponding 
dominant physical properties, including the average particle diameter and sphericity, as influenced by particle sintering and the presence 
of aggregates. We observe highly sorted and sintered spherical Au nanoparticles at ultra-dilute concentrations (< 5 × 105 particles/cm3) 
corresponding to a volume fraction below 3 × 10–10, which is orders of magnitude below that of previously measured aerosols. We independently 
confirm an average particle radius of 25 nm via Guinier and Kratky plot analysis. Our study indicates that with high-intensity synchrotron beams 
and careful consideration of background removal, size and shape information can be obtained for extremely low particle concentrations with 
industrially relevant narrow size distributions. 
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1 Introduction 
Aerosol nanoparticles are the subject of inquiry for a broad range of 
topics, including the global rise of soot production, applications in 
smart coatings, and as catalytic seeding agents [1–4]. The presence of 
particles as an atmospheric contaminant has been of particular 
concern for respiratory health, which has fueled investigations  
into combustion byproducts and flame-synthesized aerosols. A 
particularly useful tool has been high-intensity synchrotron sources 
and free-electron lasers, which even allow for in situ studies    
of dilute samples and the reconstruction of single soot-particle 
structures in-flight [5–7]. Owing to the substantial development of 
high-pressure experiments and the increasing beam intensity of 
synchrotron facilities, it is becoming possible to investigate samples 
close to real atmospheric pressures and under in situ industrial 
conditions [8, 9]. While nanoparticles can be characterized by 
collecting a high density of particles after production or 
observing processes on particles supported by an underlying 
substrate or composite material [10, 11], results obtained in such a 
way may be influenced by additional inter-particle or 
particle–substrate interactions. Thus, in situ techniques to reveal 
the true nature of dilute aerosol systems are crucial for studying the 
particle size, distributions, and surface chemistry. 
Well-controlled synthesis methods of aerosol nanoparticles  
for industrial applications are in need of analytic techniques to 
investigate the particles without extraction from the production 
environment and exposure to ambient conditions [12]. However, it 
is challenging to observe the low density of particles that result from 
strictly controlled synthesis processes, as this often involves particle 
sorting. There are a substantial number of previous reports on 
aerosol flame-produced particles [13–18] and nanoparticle fabrication 
in-solution [19–21]. However, these cases have rather high particle 
concentrations compared with the present case. There are few in 
situ investigations on aerosol nanoparticles using other synthesis 
methods. In this work, we demonstrate small-angle X-ray scattering 
(SAXS) using high-brilliance synchrotron radiation as a means to 
observe and characterize metallic particles, which are controllably 
synthesized via spark generation, in a gas flow. Aerosol Au particles 
similarly synthesized in a controlled way (either via spark generation 
or thermal evaporation) have recently been used as seeding agents 
for III-V nanowires (NWs) in a novel technique termed “Aerotaxy” 
[3], which, by eliminating the need for a supporting substrate 
during growth, has economic potential for nanostructured 
photovoltaics and optoelectronic devices [22–24]. In this process, 
large volumes of GaAs NWs with tuneable crystal structures are 
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continuously grown from Au nanoparticles in a flow reactor 
containing a carrier gas (N or He) at ambient pressures. The 
development of in situ accessible characterization techniques to 
observe such growth processes during production under realistic 
industrial conditions will not only improve the understanding of 
precursor adsorption and nucleation mechanisms on a fundamental 
level but also allow for broader application of such novel technologies. 
Since Au provides a large X-ray scattering cross-section, such metallic 
aerosol nanoparticles are an ideal proof-of-principle material system 
to study manufactured gas-based particulates in situ. 
In this study, we use SAXS to perform in situ ensemble-averaged 
structural characterization of Au and Pt nanoparticles in a N2 gas 
flow during particle production via spark generation. By detecting 
diffracted and scattered light through this dilute system, we can 
perform structural characterization of the particles at various stages 
of synthesis to determine the size and shape distributions and obtain 
information on the inter-particle interactions. We demonstrate 
the ability to characterize the nano-aerosol at normal operating 
pressures of spark-generated nanoparticle synthesis in the gas 
flow, which presents considerable new experimental challenges and 
requires careful data treatment. Specifically, we measure extremely 
low particle concentrations, which are substantially lower than 
previously reported values for aerosols and in-solution, thereby 
pushing the detection limits of small-angle scattering performed 
with high-brilliance synchrotron X-ray light. 
2 Experimental 
2.1 Aerosol nanoparticle synthesis, characterization, and 
experimental setup 
Metallic nanoparticles were supplied from the output of a portable 
in-house built aerosol spark generator. A full description of the 
operation and output of this system is provided elsewhere [25, 26]. 
The major components of the aerosol generator of interest for this 
work were a spark chamber containing exchangeable electrodes;   
a sintering furnace, which heated and melted the particles into 
spherical distributions (with a material-dependent temperature range 
that is typically 600–1,200 °C); and a differential mobility analyzer 
(DMA) used for size selection of the particles. During our experiment, 
we examined Au sintering at 600 °C and Pt sintering at 1,150 °C. In 
a deposition chamber, an electrostatic precipitator was utilized to 
focus the charged particles onto the collector electrode via electrostatic 
deposition. These components are shown in the schematic of Fig. 1. 
In the spark chamber, a plasma channel was formed between 
electrodes when a high voltage was applied, and as the breakdown 
voltage was reached, high-energy sparks caused local heating and 
rapid evaporation of the source electrodes, producing particles in 
the carrier gas. For standard operation of the spark generator, the 
flow of N2 through the system was set at 1.68 L/min, with a slight 
overpressure of 1,015 mbar. The variable spark conditions were 
30–50 mA and 12 kV, with an electrode separation of 2–3 mm, and 
were tuned to maximize the particle output.  
2.2 SAXS experiment and data analysis 
In situ measurements were performed such that the output of the 
aerosol particle generator containing a flow of particles in N2 was 
redirected through an X-ray analysis flow cell at various stages of 
production (as schematically illustrated in Fig. 1(b)). The analysis 
cell contained removable thin polyimide windows (Kapton, DuPont) 
for frequent replacement in the case of particle deposition.  
While the high voltage (HV) was on and a high particle count 
was observed on the electrometer, a measurement was taken. After 
turning off the HV for spark generation but leaving the flow of N2 
gas and other functions the same as for operation, we waited until  
 
Figure 1 Experimental setup for the in situ analysis of spark-generated 
nanoparticles. (a) Nanoparticles are produced via spark generation from source 
electrodes and flow through various components (e.g., a high-temperature 
furnace for reshaping and DMAs for diameter filtering) to engineer the output. 
The particles can then be electrostatically deposited onto a substrate for ex situ 
post-production analysis. (b) Alternatively, the produced aerosol of the 
nanoparticles and carrier gas is re-routed at different points of production for in 
situ X-ray analysis. Light scattered through this X-ray flow cell is collected on a 
2D detector, which is radially averaged to produce a one-dimensional (1D) plot 
of the normalized scattered light intensity vs. the scattering wave vector q. After 
background subtraction, the structural information of our dilute aerosol system 
is revealed. 
the electrometer particle count decreased to zero before taking 
the background measurements. This ensured that any signal from 
pre-existing or in-measurement deposited particles on the windows 
of the X-ray chamber were negated after background subtraction. 
By shining an X-ray light at the aerosol flow at different stages of 
production, we studied the particles in both their un-sintered and 
sintered states. For most of the in situ results shown in Figs. 3 and 4, 
we bypassed both DMAs and observed the full distribution of 
produced particles. For the results shown in Fig. 5, we utilized one 
DMA after particle sintering to select particles of a particular radius. 
SAXS measurements were performed at the European Synchrotron 
Radiation Facility (ESRF) at both the ID02 time-resolved ultra- 
small-angle scattering beamline [27] and the BM26 DUBBLE SAXS/ 
wide-angle X-ray scattering (WAXS) beamline [28, 29]. A Rayonix 
MX-170HS detector (with an active area of 170 mm × 170 mm) was 
used at the ID02 beamline. A Pilatus 1M detector (with an active 
area of 169 mm × 179 mm) was used for SAXS, and a 300K-W linear 
Pilatus detector was used for WAXS at the DUBBLE beamline. The 
beam had an energy of 12.25 keV (1.012 Å) with a diameter of 
~ 500 μm for BM26 and an energy of 12.46 keV (0.99 Å) with an 
area of 100 μm × 200 μm for ID02. 
At ID02, the recorded two-dimensional (2D) images were corrected 
for detector artifacts and normalized to absolute units using standard 
beamline procedures based on secondary standard intensity calibrants. 
Further data reduction was performed using the SAXS utilities 
software [30]. The normalized scattered intensity was plotted as a 
function of the scattering wave vector q. The scattering vector is 
defined as q = (4π/λ)sin θ, where 2θ is the scattering angle, and λ is 
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the X-ray wavelength. Owing to the high dilution of the particles, 
the resulting scattering intensity curves are essentially the Fourier 
transform of the particle form factor [31]. The particle geometry 
can be determined either via fitting with shape-dependent model 
functions or by using shape-independent approaches. We utilized 
both methods to estimate features related to the particle distribution, 
average radius of gyration, geometric radius, agglomerate size, and 
dimensionality of the agglomerates. 
Simulation and best fit of the scattering intensity in Fig. 3 was 
achieved using the SASfit software. 
3 Results and discussion 
To put the results of the direct in situ experiment on particles in a 
gas in context, we first consider the expected output of the aerosol 
generator. Once particles are produced in the gas flow in the high- 
voltage spark chamber, they are passed through a charging device 
containing a radioactive 63Ni film to provide them with a known 
electric-charge distribution (in this case, a Boltzmann distribution 
is utilized). This allows for later accurate sorting based on electrical 
mobility in the DMAs and an estimated live particle count during 
particle production from an electrometer. The electrometer measures 
the current of particles flowing into a Faraday cup filter, which is 
related to the particle charge. In this way, spark generation of 
particles generally produces an output with a lognormal size 
distribution with diameters of 1–100 nm, although the precise output 
is affected by several parameters, including the electrode separation, 
applied current and voltage, and gas flow in the system [26]. Using 
the measured concentrations of size-selected particles, their charge 
distribution, and the transfer function of the DMA setup, the real 
distribution of particles before size selection can be calculated via 
matrix inversion [32]. 
Two recorded size distributions of un-sintered and sintered Au 
particles produced by the aerosol spark generator are shown in  
Fig. 2(a). For un-sintered particles, the total integrated particle 
count is 9.3 × 107 particles/cm3, and for sintered particles, it is 8.0 × 
107 particles/cm3. Some particle losses are expected for the sintered 
aerosol owing to particle coarsening and the accumulation of 
particles on the internal walls of the furnace and the tubing of the 
generator. 
Previously, it has been possible to study samples with low volume 
fractions using SAXS of 10–6 [5, 17, 33] and even down to 10–8 [18], 
as demonstrated by observing combustion byproducts. We can use 
a spherical approximation to estimate the total volume fractions  
of the aerosols we have studied. Because the sintered particles 
themselves are nearly spherical, the estimate for these particles are 
more accurate than the un-sintered case; however, we can place an 
upper bound on the maximum possible volume fraction of the un- 
sintered particles. The distributions in Fig. 2 thus provide volume- 
fraction estimates of 1 × 10–9 and 7 × 10–10 for the un-sintered and 
sintered particles, respectively, which are at least an order of 
magnitude lower than previously measured values. 
As a reference for in-flight measurements, we initially performed 
ex situ SAXS analysis of Au particles on pre-prepared polyimide 
film substrates (Kapton DuPont) to correlate these results with in 
situ experiments. However, the process of removing the particles 
from the production environment and depositing them on a 
substrate may affect the subsequent analytical characterizations. 
Spherical Au particles size-selected for 60-nm mobility diameters 
were deposited on Kapton substrates with different deposition 
times to produce three samples with densities of 200, 25, and 0.2 
particles/μm2 (the sample densities were calibrated via scanning 
electron microscopy (SEM) imaging, as shown in section S1 in the 
Electronic Supplementary Material (ESM)). In this case, size selection 
was achieved by first selecting un-sintered aggregates with a mobility 
diameter of 60 nm and then, after sintering, performing a second 
stage of filtering to select 60-nm-diameter particles, which led to a 
very accurate size distribution. 
At the DUBBLE beamline of the ESRF, we performed a combination 
of SAXS and WAXS on these samples. The WAXS signal (shown in 
Fig. S1(d) in the ESM) for the highest-density sample (200/μm2) 
confirmed the crystallinity, but these measurements were not 
possible for the lower-density samples. Figure 2(b) presents the SAXS 
curves measured for these static Au particles on Kapton samples. In 
the high-q region, all samples exhibited q–4 intensity decay, which is 
typical for spherical particles with a homogeneous electron density 
[31, 34]. The two higher-density samples exhibited a good signal- 
to-noise ratio and weak oscillations, indicating a relatively low 
polydispersity with a particle radius of 27–30 nm, based on the 
minima positions of the spherical form factor, confirming the 
conditions used by the DMA filters. However, because particles are 
deposited on top of each other, there is vastly more inter-particle 
and particle–substrate interaction, which may lead to particle 
deformation. The lowest-density sample should also contain spherical 
particles of well-defined radii, but the high noise level and low 
structural clarity make interpretation difficult. This highlights the 
need for an in-aerosol analysis method, particularly for samples of 
low concentrations. 
We can consider the low-density sample as a test case for the 
resolution limit for the SAXS experiments and to anticipate the 
signal quality for the in situ experiments. Using an approximate 
beam diameter of 500 μm and 0.2 particles/μm2, approximately 4 × 
104 particles are sampled for this static sample. The estimated total 
mass is then 9 × 10–11 g for particles 30 nm in radius (Au density of 
19.3 g/cm3). From the spark-generator distributions shown in 
Fig. 2(a), we can also calculate the total mass of 4 × 10–8 g/cm3 for the 
 
Figure 2 Characterization of the spark discharge-generated nanoparticles.   
(a) Calculated differential concentrations and size distributions of spark-generated 
un-sintered (blue) and sintered (red) Au nanoparticles. (b) Ex situ SAXS results 
for the three deposited Au samples, showing the 1D scatter plot intensity I as a 
function of the scattering vector q and (plot inset) the Kratky plot of I(q)∙q2 vs. q 
for the lowest-density Au sample (the calculated average aerodynamic volume of 
un-sintered particles is 10 times larger than that after sintering owing to the 
compact-sphere approximation). The SEM inset shows the 25-μm–2 case.  
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unfiltered Au particles for the sintered flow. Assuming marginal losses, 
the un-sintered particles have a calculated mass of 4 × 10–7 g/cm3. 
This suggests a larger average aerodynamic diameter for the un- 
sintered particles, which arises from the use of a compact-sphere 
approximation. In reality, only ~ 10% of the calculated mass is Au 
(because the agglomerates consist of non-spherical chains of clustered 
aggregates). Therefore, the total maximum sampled mass for the in 
situ experiments ranges approximately from 10–9 g (un-sintered) to 
10–11 g (sintered), for a flow-chamber diameter of 1–2.5 cm (for 
experiments conducted at ID02 and BM26). Thus, we can expect to 
observe a similar degree of scattering (and signal-to-noise ratio) for 
the unfiltered in situ experiments as for the lowest-concentration 
size-selected static sample, which highlights the challenges in 
extracting reliable information on the particles at such low 
concentrations. 
Ordinarily, a simple analysis can be performed by presenting the 
data in a Guinier plot (ln[I(q)] as a function of q2), where a linear fit 
of the low-q region can be used for estimating the nanoparticle size. 
Specifically, the radius of gyration Rg is calculated using the equation 
slope = Rg2/3 [34]. However, we have insufficient data points for q < 
0.03 where this holds true (Rg·q < 1). 
Instead, we focus on Kratky analysis, which considers I(q)∙q2 vs. q. 
The Kratky plot for the low-density (0.2 particles/μm2) sample is 
shown in the inset of Fig. 2(b). By fitting a lognormal distribution 
to this data, we can calculate the gyration radius Rg of 23 nm from  
the observed peak maximum g max3 /R q=  [34], where qmax was 
located at 0.075 nm–1. This corresponds to a geometric radius r of 
30 nm from g
3
5
R r=  [34], which is in excellent agreement with 
the targeted size selection performed by the DMAs. 
We now consider in situ measurements. Operating the nano-
particle generator at the DUBBLE beamline, we re-routed the flow 
of particles in the system to go through our X-ray flow cell for the 
first in situ analysis. For this experiment, the sample environment- 
to-detector distance was fixed at 6.1 m, and we used two 25-μm-thick 
Kapton film windows on a 2.5-cm-wide cylindrical flow cell. By 
changing the source electrodes in the spark chamber, we produced 
and were able to detect via SAXS both Au (the seeding agent for 
GaAs Aerotaxy NWs) and Pt nanoparticles, as shown in Figs. 3(a) 
and 3(b), respectively, in a flow of N2, in both their un-sintered and 
sintered (post-melt) states. Here, to maximize the density of particles 
in the flow, we did not utilize particle filtering for size selection. 
The two types of particles exhibited similar results, but the signal- 
to-noise ratio for the Au particles was slightly better, possibly owing 
to the larger scattering cross-section for Au [35].  
Typical SAXS traces for the Au particles are shown in Fig. 3(a) 
(blue triangles and red circles for un-sintered and sintered particles, 
respectively) together with the best fit to the data (black lines). The 
Kratky plots are shown in Figs. 3(c) and 3(d), which provided 
estimates of 30 and 22 nm for the radius of gyration for Au and Pt, 
respectively (corresponding to geometric radii of 38 and 28 nm, 
respectively). However, the high degree of polydispersity and weak 
nature of the scattering did not allow this method to be used for the 
un-sintered particles. Nonetheless, from the best-fit line obtained 
using the SASfitting software, we could determine mass-fractal 
aggregation with an average radius of 5.4 nm for the un-sintered 
particles and large polydispersity of 40% with an average radius of 
22 nm for the sintered Au particles (5–100 nm). Similar results were 
obtained for the unfiltered Pt particles shown in Fig. 3(b), with the 
SASfitting procedure yielding radii of 5 and 16 nm for the un-sintered 
and sintered particles, respectively.  
These results confirm the expected spark-generated metallic particle 
outputs observed previously via ex situ transmission electron  
 
Figure 3 In situ SAXS measurements of spark-generated Au and Pt particles. 
(a) Au particles before (blue triangles) and after (red circles) particle melting in a 
sintering furnace. (b) Pt particles in un-sintered (blue) and sintered (red) states. 
When the particle production in the gas flow was halted, the signal was reduced 
to immeasurable noise levels, confirming that no particles were present (gray 
crosses). Fits to the data are shown in black. (c) and (d) Kratky plots for Au and 
Pt particles, respectively, along with lognormal fits to the sintered particles. 
microscopy (TEM) analysis and detailed DMA surveying [25, 26, 
36–39] (TEM images of polydisperse spark-generated Au particles 
are included in section S2 in the ESM). The data also indicate   
the well-understood sintering mechanisms for aerosols—both the 
coagulation phase for un-sintered particles, where small primary 
particles initially collide in the gas flow and cluster together into 
complex agglomerate chains [40], and the sintering process, where 
agglomerates consisting of several small particles melt into spherical 
particles with a larger minimum diameter [25] (TEM images showing 
Au particles with and without sintering are included in section S2 
in the ESM, to illustrate the main structural differences between 
these un-sintered agglomerates and the reshaped Au particles).  
Furthermore, we observed that the signal immediately returned 
to the background level after the spark production of Au particles 
ceased (shown by the gray “×” symbols in Figs. 3(a) and 3(b)), 
eliminating the possibility that the increase in the signal intensities 
originated from particle build-up on the X-ray windows; rather, 
they are true in situ characterizations. The signal for the spark-off 
measurement for Pt particles did not decrease as abruptly, suggesting 
that there was some degree of collection of the Pt particles on the 
flow-cell windows. 
We used a larger flow cell than is often used for gas-phase 
experiments, which was necessary to maintain a laminar flow in the 
cell. The use of smaller flow cells or setups containing smaller 
internal outlets within a larger flow cell led to substantial turbulence 
of the aerosol. This allowed significant particle build-up on the X-ray 
windows, which then dominated and completely obscured any 
signal due to the particles in the gas flow.  
We then performed investigations at the high-resolution SAXS 
beamline ID02 of the ESRF to investigate the resolution limit for in 
situ studies on aerosol nanoparticles. After the aerosol undergoes 
size selection, we are left with a small fraction of the material from 
the unfiltered flow, such that the already extremely dilute aerosol 
with low volume fractions of 10–9–10–10 is reduced by another order 
of magnitude. A sample-to-detector distance of 15 m was used,  
and a 1-cm-wide four-way flow cell was devised such that the 
200-μm-wide mica film windows were laterally separated from the 
laminar flow in order to reduce the particle build-up on the windows. 
Nano Res. 2019, 12(1): 25–31 
www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 
29 
This large sample-to-detector distance provided us with more data 
in the low-q region, which was important for performing accurate 
particle-size analysis. 
Figure 4 presents the scattering results for unfiltered Au particles 
in their un-sintered (blue diamonds) and sintered states (red circles) 
in the gas flow. We observe behavior similar to that shown in Fig. 3 
but with improvement of the signal-to-noise ratio, which was partly 
due to the higher brilliance of ID02 compared with BM26. This is 
also offset by the fact the maximum electrometer counts for the 
particle densities were measuring approximately only 50% of the 
particle output of the previous experiments at BM26. However, there 
is a downturn at the lowest q values, which arises as an artifact from 
the background subtraction, limiting the usable data in this region. 
For this reason, the Kratky plot analysis should be considered as 
more reliable in our case than the Guinier plot analysis, although 
both are presented here for comparison between the sintered and 
un-sintered particles. The un-sintered particles exhibit characteristics 
similar to those for SAXS on folded long-chain proteins without   
a linear Guinier region (Fig. 4(b)), but an estimate of the average 
nanoparticle dimension (Rg = 12 nm) is obtained from the Kratky 
plot in Fig. 4(c). These factors again indicate the mass-fractal 
agglomeration of the un-sintered particles.  
We clearly observe that the sintered particles follow the q–4 relation 
expected for spherical particles. The analysis based on the Guinier 
plot shown in Fig. 4(b) suggests an estimated dimension of Rg = 19 nm. 
Similarly, the Kratky plot in Fig. 4(c) gives approximations of Rg = 
19 nm and r = 25 nm, with a lognormal distribution typical for 
spherical particles (although the noise level becomes high above q = 
0.3 nm–1).  
These results are within the expected range of values for unfiltered 
particles. Although some of the values are higher than the previous  
 
Figure 4 In situ SAXS results for un-sintered (blue) and sintered (red) Au 
aerosol nanoparticles. (a) Scatter plot where the sintered particles exhibit a q–4 
relation, (b) Guinier plot ln(I) vs. q2, indicating an average radius of 19 nm for 
the sintered particles and the presence of agglomerates for un-sintered particles 
given by nonlinearity. (c) Kratky plots of I(q)∙q2 vs. q, showing an average Rg of 
19 nm with some polydispersity for sintered particles and Rg = 12 nm with 
unfolded behavior for un-sintered particles, which is indicative of long-chain 
agglomerates. 
values obtained in Fig. 3, the precise size distribution of the particles 
produced by the spark generator can vary between experimental 
runs.  
For these in situ experiments, it is critical to consider the background 
subtraction for each measurement for ensuring that any contribution 
from particle collection on the windows is negated. To confirm that 
these results are predominantly a result of the in situ gas-phase 
particles, we investigated the unfiltered sintered Au particles in the 
gas flow through the flow chamber but removed the windows for 
measurement. Thus, we obtained an open chamber similar to those 
used in other aerosol experiments on soot particles produced through 
combustion [5]. These results are presented in Fig. 5, and we confirmed 
the previous results (when Kapton windows were in place on the flow 
cell) that indicated well-defined spherical particles with a Kratky Rg = 
19 nm in Fig. 5(b), corresponding to r = 25 nm (with an additional 
coarse estimation of Rg = 18 nm from the inset showing the Guinier 
plot in Fig. 5(a)). For this measurement, a sample-to-detector distance 
of only 4 m was used. 
Standard operation of the generator requires continuous pumping 
through the system, such that all aerosol products are collected and 
passed through a nano-filter before going to an exhaust. To prevent 
particle loss to the hutch environment, we maintained the pumping 
power but reduced the system pressure in the system to 975 mbar, 
which is slightly below atmospheric pressure, ensuring the collection 
of aerosol products by the exhaust. This technique may allow a 
small degree of particle oxidation due to the mixing of atmospheric 
O2 with the N2 carrier gas (although the likelihood of this occurring 
with Au particles is minimal) and the dilution of the particle 
concentration in the gas flow.  
We then investigated whether we could detect and characterize 
particles with a selected radius via SAXS. This represents the most 
controlled engineering of nanoparticles in a gas flow for in situ 
analysis but is also the most challenging for detection. Size selection 
 
Figure 5 In situ SAXS results for sintered Au nanoparticles with an open cell. 
(a) 1D scatter plot, (inset) Guinier plot of ln(I) vs. q2 indicating Rg = 18 nm. (b) 
Kratky plot I(q)∙q2 vs. q showing Rg = 19 nm and r = 25 nm, as well as a clear 
lognormal relation indicating spherical particles. 
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is performed by a DMA, where an electric field between the flow 
chamber walls and a charged internal rod electrode allow for 
sorting based on the electrical mobility diameter [41]. Two DMAs 
are utilized under normal operation of the spark generator: the first 
before particle sintering and the second after for a more accurate 
selection and narrow distribution of produced particles [37]. 
However, because we already pushed the boundary of the detection 
limit for SAXS, we only utilized the second DMA (after sintering) 
for size selection, to avoid unnecessary particle losses. 
Figure 6 presents in situ scattering results for sintered Au particles 
in a flow of N2, which underwent size selection for a mobility 
diameter of 50 nm. Considering the calculated particle distribution 
from Fig. 2(a), the total volume fraction for these filtered particles 
is on the order of 4 × 10–11–1 × 10–10, which is two to three orders of 
magnitude lower than that of aerosols measured previously via SAXS. 
We observe that despite the elevated noise level in the scattering 
signal compared with the previous measurement due to the extremely 
low density of particles in the gas flow, a spherical relationship I  q–4 
can be detected in the high-q region (fitting 0.9 nm–1 < q < 0.25 nm–1 
gives  q–4.1). However, owing to the quality of the data for q > 0.2 nm–1 
we cannot determine whether the asymmetry is a real feature of the 
data due to polydispersity or an artifact resulting from the background 
subtraction. A linear fit to a limited q range, as shown in the inset 
of Fig. 6(a), can be used to estimate the particle radius: Rg = 22 nm. 
Similarly, fitting a lognormal to the Kratky representation of the 
data in Fig. 6(b) gives a qmax = 0.07 nm–1, which corresponds to Rg = 
25 nm (for q < 0.2 nm–1) and a geometric radius of 32 nm. Given 
the low signal-to-noise ratio, we indicate by the dotted lines a range 
of possible qmax values giving upper and lower bounds to the 
gyration radius Rg = 19–29 nm. This corresponds to a geometric radius 
of r = 25–37 nm. Therefore, despite the weak nature of the signal and  
 
Figure 6 In situ SAXS results for sintered Au nanoparticles filtered for a 25-nm 
radius. (a) 1D scatter plot showing that the line of best fit between q = 0.09 and 
0.25 nm–1, yielding I  q–4.1. A linear fit to the Guinier plot (ln(I) vs. q2) gives Rg = 
22 nm (inset). A lognormal fit to the Kratky plot (I(q)∙q2 vs. q) in (b) suggests Rg = 
25 nm and a geometric radius of r = 32 nm, in reasonable agreement with the 
conditions chosen for particle filtering. 
our use of only one DMA (which limits the accuracy of size selection 
filtering) we confirm an engineered radius of approximately 25 nm 
for the Au nanoparticles. 
For our system, it is not easy to observe the signal contribution 
arising from particles in the gas without performing background 
subtraction to negate the effects of scattering through the cell 
windows or the air flow in the chamber and beamline environment. 
In some cases, the choice of background used for subtraction can 
have a significant effect on the shape of the resulting curve, i.e., 
those taken directly prior to or directly after flowing Au particles 
through the system. This likely arises from the comparable particle 
collection on windows compared with the particles in the gas flow 
or fluctuations in the carrier gas, meaning that there were insufficient 
aerosol particles for detection. We included the raw untreated data 
from Fig. 6 in section S3 in the ESM (Fig. S4) to illustrate the 
importance of background subtraction.  
For the in situ results presented in this work (Figs. 3–6), we only 
presented data where the particles in the cell dominated the signal 
and the choice of background (before and after flowing particles 
through the cell) did not affect the resulting curve. 
Thus, we emphasize that extreme care must be taken with reference 
measurements and the background choice when performing analysis 
of other such extremely dilute systems. Concern for such issues 
may increase in the future owing to the ever-expanding interest in 
nanoscale structures and single-particle characterization techniques. 
However, as indicated by our results in Fig. 6, we were able to extract 
the physical characteristics of these well-synthesized particles in the 
flow at volume fractions as low as 10–11, which is several orders of 
magnitude lower than what has been previously studied. This is of 
interest to the growing community working with engineered aerosol 
nanoparticles, particularly because it was not necessary to interfere 
with the aerosol output in any way that could increase the interaction 
between the particles in the flow or otherwise modify their 
properties. 
4 Conclusions 
We successfully studied for the first time an extremely dilute nano- 
aerosol within a commercially equivalent production environment, 
using high-brilliance synchrotron radiation. SAXS from spark- 
generated aerosol nanoparticles was analyzed at different stages of 
synthesis, within the carrier gas without extraction from the production 
environment. We were thus able to determine the presence of Au and 
Pt particle aggregation, the degree of sphericity of primary particles 
after sintering, and the average mobility diameters, which were all 
in agreement with previous ex situ studies. Furthermore, we were 
able to characterize extremely low concentrations of particles with 
volume concentrations several orders of magnitude below what has 
been previously possible for in situ studies, both for unfiltered 
distributions of particles and for particles having undergone controlled 
size selection to produce narrow size distributions.  
We thus probed and revealed the limits of small-angle scattering 
detection, which is significant for all dilute systems—not just those 
examined in this study. These experiments present a critical step for 
future in situ experiments to observe and build a better understanding 
of the growth mechanisms for Aerosol NWs. Such a technique can 
also be used as a direct means to determine the reactive surface area 
of synthesized aerosol nanoparticles under different production 
conditions and would therefore be of interest to industries beyond 
semiconductor physics, such as catalysis and medical science. 
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